Background: LIM homeobox 8 (Lhx8) functions in the differentiation of cholinergic neurons. Results: Lhx8 regulates functions of cholinergic neurons by modulating tropomyosin receptor kinase A (TrkA) expression. Lhx8 expression and function are regulated by NGF. Conclusion: Lhx8 is a mediator of NGF signaling for the regulation of cholinergic functions. Significance: Positive feedback regulation between Lhx8, TrkA, and NGF is an important regulatory mechanism for cholinergic functions. . 3 The abbreviations used are: BFCN, basal forebrain cholinergic neuron; Lhx8, LIM homeobox protein 8; ACh, acetylcholine; AChE, ACh esterase; DIV, days in vitro; PLAP, placental alkaline phosphatase; AAV, adeno-associated virus; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; AD, Alzheimer disease.
Basal forebrain cholinergic neurons play an important role in cognitive functions such as learning and memory, and they are affected in several neurodegenerative diseases, including
Alzheimer disease and Down syndrome. Despite their functional importance, the molecular mechanisms of functional maturation and maintenance of these cholinergic neurons after the differentiation stage have not been fully elucidated. This study demonstrates that the LIM homeobox 8 (Lhx8) transcription factor regulates cholinergic function in rat septal cholinergic neurons in primary cultures from E18.5 embryos and in the adult brain. Lhx8 expression modulated tropomyosin receptor kinase A (TrkA) expression in septal cholinergic neurons in vitro and in vivo, resulting in regulated acetylcholine release as an index of cholinergic function. In addition, Lhx8 expression and function were regulated by nerve growth factor (NGF), and the effect of NGF was potentiated by Lhx8-induced TrkA expression. Together, our findings suggest that positive feedback regulation between Lhx8, TrkA, and NGF is an important regulatory mechanism for cholinergic functions of the septum.
Neurons in the medial septum and diagonal band of Broca project to the hippocampus, modulating its activity and providing important input for cognitive functions (1) . Within this system, basal forebrain cholinergic neurons (BFCNs) 3 have been extensively studied in several species of mammals, and accumu-lating evidence indicates that they play important roles in arousal, attention, learning, and memory (2) (3) (4) (5) . By contrast, the molecular mechanisms of their functional maintenance and degeneration in certain neurological disorders have not been fully elucidated.
The genetic and developmental mechanisms that control the formation of BFCNs are just beginning to be clarified. Many transcription factors are expressed in the developing basal forebrain, and mice in which genes encoding those factors are disrupted exhibit forebrain malformation (6 -11) . Among these transcription factors, LIM homeobox 8 (Lhx8), a member of the LIM homeodomain family of transcription factors, has a pivotal role in BFCN development (12, 13) . Several studies in mice revealed that Lhx8 is selectively expressed in the medial ganglionic eminence, and mice with disrupted expression of the Lhx8 gene lost a significant number of BFCNs (14 -16) . In addition, progenitors of striatal cholinergic interneurons switch their fate to striatal GABAergic interneurons in the absence of Lhx8 (17) . Although these studies have suggested that Lhx8 functions in the differentiation and specification of BFCNs during development, the role of this transcription factor in the functional maturation and maintenance of BFCNs after the differentiation stage remains unclear.
Nerve growth factor (NGF), which is a member of the neurotrophin family, has been shown to play an essential role in promoting the survival and regulating the activity of cholinergic neurons of the medial septum and diagonal band of Broca (18 -24) . NGF acts via a high affinity receptor, tropomyosin receptor kinase A (TrkA), which is expressed by cholinergic neurons in the basal forebrain and striatum in the CNS (25) . In TrkA-null mice, BFCNs do not mature fully and begin to die by the time of target innervation, suggesting that TrkA expression is required for normal BFCN maturation and survival (26) . However, the regulation of TrkA expression in the BFCN after the differentiation stage is not well understood.
In this study, we sought to investigate the role of Lhx8 in differentiated cholinergic neurons in the CNS. Using rat E18.5 primary septum neurons and medial septum of adult brain, we demonstrated for the first time that Lhx8 directly regulates TrkA expression in the CNS and functions in the activity of differentiated cholinergic neurons. Moreover, we identified a new pathway in which NGF, TrkA, and Lhx8 work together to form a positive feedback loop.
EXPERIMENTAL PROCEDURES
Animals-Adult male Sprague-Dawley rats (8 weeks old) were purchased from Charles River Laboratories (Japan). The animals were maintained on a 12-h light/dark cycle with unlimited access to food and water. All animal procedures conformed to Japanese regulations for animal care and use according to the Guidelines for Animal Experimentation of the Japanese Association for Laboratory Animal Science and were approved by the Animal Care and Use Committee of Eisai Co., Ltd.
Cloning and Construction-Full-length Lhx8 cDNA was generated from mouse brain by PCR amplification using the following primer set: sense 5Ј-ATGTATTGGAAGAGC-GATCA-3Ј and antisense 5Ј-TCATTGGATGGGGTAACAA-GGCT-3Ј. The following LacZ and Lhx8 miRNA sequences were designed using BLOCK-iT RNAi Designer (Invitrogen): Lhx8 miRNA sense 5Ј-AAGTCATTCACCTTGAGGAGG-GTTTTGGCCACTGACTGACCCTCCTCAGTGAATGA-CTT-3Ј and antisense 5Ј-AAGTCATTCACTGAGGAGGGT-CAGTCAGTGGCCAAAACCCTCCTCAAGGTGAATGAC-TT-3Ј, and LacZ miRNA sense 5Ј-AAATCGCTGATTTGTG-TAGTCGTTTTGGCCACTGACTGACGACTACACACAT-CAGCGATTT-3Ј and antisense 5Ј-AAATCGCTGATGTGT-GTAGTCGTCAGTCAGTGGCCAAAACGACTACACAAA-TCAGCGATTT-3Ј. These genes were inserted into the adeno-associated virus (AAV) vector pAAV-CAG-WPRE (woodchuck hepatitis virus post-transcriptional regulatory element) (28, 29) . The TrkA promoter region was amplified using PCR from mouse genome using the following primers: sense 5Ј-CTAGCTAGCAAGAACTCAGGATGCTTAGT-3Ј and antisense 5Ј-CCCAAGCTTCAGCCGTCCGTGCGCTC-CTAG-3Ј. The PCR product was inserted into the pTK-placental alkaline phosphatase (PLAP) vector (27) , creating the reporter vector TrkA promoter-PLAP. Site-directed mutagenesis of the Lhx-binding sequence in the TrkA promoter was carried out using the QuikChange site-directed mutagenesis kit (Stratagene) with the TrkA promoter-PLAP vector as a template and the sense primer 5Ј-TAAGAGATCTATCGCGTTC-TCCGCACAGA-3Ј. The resulting vector was named TrkA mutant promoter-PLAP.
Primary Septal Neuron Culture-Septal areas (containing cholinergic neurons from the septum, diagonal band of Broca, and substantia innominata) of embryonic day (E)18.5 rat embryos were dissected in L-15 medium (Sigma) containing 100 units/ml penicillin and 100 g/ml streptomycin (Invitrogen). These tissues were dissociated at 37°C with 0.25% trypsin (Invitrogen) and 1% DNase I (150 units/ml, Sigma) for 30 min (terminated with 10% heat-inactivated horse serum; Invitrogen). The dissociation was completed mechanically with a pipette. Cultures were plated at 1.4 ϫ 10 5 cells per well in 100 l of growth medium in poly-D-lysine-coated 96-well culture plates (BD Biosciences), and cultures were maintained at 37°C and 5% CO 2 . The medium consisted of Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing N2 supplement (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 10% horse serum, and 10% heat-inactivated FBS (Invitrogen). Twenty four hours after plating, the medium was replaced with serum-free medium containing N2 supplement and 1 mM sodium pyruvate.
Cell Culture and Transfection-PC12 cells were obtained from RIKEN. PC12 cells were grown in DMEM supplemented with 10% FBS and 10% horse serum and then seeded on collagen I-coated cell culture plates (Iwaki) and left to adhere for 1 day for the following plasmid transfection. Plasmid DNA was transfected with Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions.
AAV Preparation and Infection-pAAV-CAG-WPRE vectors in which the expression of the gene of interest, such as mouse Lhx8, Lhx8 miRNA, lacZ miRNA, or GFP, is driven by the CAG promoter (30) were constructed and co-transfected with plasmid pHelper (containing required E2A, E4, and VA RNA adenoviral genes) and pAAV-RC (encoding the rep and cap genes) into HEK293 cells. pAAV-TrkA promoter-PLAP-WPRE was also constructed. Resulting AAV particles were purified by iodixanol step gradients and heparin-agarose column chromatography as described previously (31) . The viral titers were determined by AAV2 titration ELISA kit (Progen Biotechnik GmbH).
Anesthetized rats were placed in a stereotaxic frame (Narishige), and injections were made unilaterally into the left medial septum at 0.3 mm lateral to and 0.5 mm anterior to bregma and a depth of 8.0 mm from the skull. Four microliters of viral solution were injected with a 25-gauge Hamilton syringe at a speed of 250 nl/min using a microsyringe pump (World Precision Instruments). In the case of AAV-GFP and AAV-Lhx8 vectors, 2.8 ϫ 10 10 particles were injected, and in the case of AAV-LacZ miRNA and AAV-Lhx8 miRNA vectors, 5 ϫ 10 10 particles were injected. After injection, the needle was kept in place for an additional 4 min before withdrawal. In primary septal neurons, 2 ϫ 10 10 AAV particles were transmitted per well of a 96-well culture plate for the acetylcholine (ACh) release assay, and 1 ϫ 10 11 particles were transmitted per well of a 12-well culture plate for immunoblotting.
Intracerebroventricular Infusion-Murine NGF (0.1 g/l, 2.5S mNGF, Promega) dissolved in phosphate-buffered saline (PBS; Invitrogen) or vehicle alone was infused into the cerebroventricular space (0.8 mm posterior, 1.4 mm lateral to bregma) at 0.5 l/h for 2 weeks using a brain infusion kit II (Alzet) and an osmotic pump (Alzet, 2001).
ACh Release and Quantification-Cells were rinsed with Krebs-like buffer (125 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4, 25 mM HEPES, 1.2 mM MgSO 4 ⅐7H 2 O, 2.2 mM CaCl 2 ⅐2H 2 O, 10 mM glucose, pH adjusted to 7.4). This buffer was discarded and replaced for a 30-min period with fresh buffer containing 6 mM K ϩ , 10 M choline, and 100 nM physostigmine. During 30-min constitutive release periods, the culture plates were kept at 37°C and 5% CO 2 , and ACh release was measured. ACh concentration was measured by high performance liquid chroma-tography (HPLC) with electrochemical detection. Measurement was performed as described previously (32) .
Immunoblotting, Immunohistochemistry, and Immunocytochemistry-Primary neuron cultures infected with AAV and rat septum regions were homogenized with a lysis buffer (Cell Signaling Technology, 9803) containing 1 mM phenylmethylsulfonyl fluoride (PMSM) (Sigma), and the lysates were denatured at 95°C for 5 min in LDS sample buffer (Invitrogen) containing 1 mM dithiothreitol (DTT). The samples (10 -30 g of protein per lane) were separated by Novex 12% BisTris gels (Invitrogen) and then electroblotted onto PVDF membranes (Invitrogen). These membranes were incubated with primary antibodies. After incubation with horseradish peroxidase-conjugated secondary antibodies, signals were detected with a luminescence assay kit (GE Healthcare). Signal intensities were quantified with an image analyzer (LAS-3000, Fujifilm). The following primary antibodies were used in this study: rabbit polyclonal anti-TrkA (1:500; Millipore); rabbit polyclonal anticholine acetyltransferase (ChAT) (1:1000; Millipore); rabbit polyclonal anti-Lhx8 (1:300; Abcam and LifeSpan BioScience); mouse monoclonal anti-actin (1:2000; Sigma); mouse monoclonal anti-GFP (1:1000; Invitrogen), and mouse monoclonal anti-HA (1:500; Covance).
Immunohistochemistry was performed as described previously (33) . Rat brains were fixed with 4% paraformaldehyde in PBS (pH 7.4), and 30-m frozen sections were analyzed. Immunolabeled sections using peroxidase-labeled avidin-biotin complex were visualized using a 3,3-diaminobenzidine solution (Vector Laboratories). For double immunofluorescence labeling, Alexa Fluor 488-conjugated goat anti-rabbit IgG and Alexa Fluor 555-conjugated goat anti-mouse IgG (Invitrogen) were used as secondary antibodies, and the sections were analyzed with a Biorevo BZ-9000 fluorescence microscope (Keyence).
Immunocytochemistry was performed as described previously (33), with some modification. Primary neuron cultures were fixed with 4% paraformaldehyde for 20 min at room temperature. The cells were rinsed with PBS twice and pretreated with PBS containing 0.3% Triton X-100 for 5 min at room temperature. After blocking in PBS containing 3% normal goat serum for 1 h at room temperature, the cells were incubated with primary antibody at 4°C overnight. Alexa Fluor 555-conjugated anti-mouse or anti-rabbit IgG (Invitrogen; 1:1000) was added and incubated for 1 h at room temperature. After washing, cells were observed with a Biorevo BZ-9000 fluorescence microscope (Keyence) and a confocal microscopy (LSM 510 META, Zeiss). The following primary antibodies were used in this study: mouse monoclonal anti-MAP2 (1:1000; Sigma); mouse monoclonal anti-choline transporter (SLC5A7) (1:1000; Abcam); rabbit polyclonal anti-ChAT (1:1000; Millipore); mouse monoclonal anti-HA (1:500; Covance), and rabbit polyclonal anti-TrkA (1:500; Millipore).
TrkA Reporter Assay-PC12 cells were transfected with PLAP reporter plasmid using Lipofectamine LTX (Invitrogen) in DMEM with 5% FBS. The next day, cells were pretreated with 10 M U0126 (Sigma), 10 M LY294002 (Sigma), or 2 M H89 (Sigma) for 1 h prior to addition of 25 ng/ml NGF. Four days post-transfection, the culture supernatant was collected from each sample, and PLAP activity was determined as described previously (34) .
ACh Esterase (AChE) Activity Assay-Hippocampi were dissected from rats injected with NGF, AAV-GFP, or AAV-Lhx8 and homogenized in 0.1 M PB (0.1 M Na 2 HPO 4 , 0.1 M KH 2 PO 4 (pH 8.0)) containing 0.5% Triton X-100. Aliquots of the homogenate were diluted in 0.1 M PB. Reaction buffer was prepared, containing 100 mM acetylthiocholine iodide/H 2 O, 0.15% NaHCO 3 , 0.1 M phosphate buffer (pH 7.0), and 10 mM 5,5Јdithiobis(2-nitrobenzoic acid), 0.1 M phosphate buffer (pH 7.0) containing 0.15% NaHCO 3 , and then mixed with the diluted aliquots in Microtest tissue culture plates (Falcon). Absorbance was then immediately measured at 412 nm using a Spectra MAX 190 spectrophotometer (Molecular Devices).
Chromatin Immunoprecipitation Analysis-PC12 cells were transfected with GFP or Lhx8 plasmid using the Neon TM transfection device. Chromatin immunoprecipitation (ChIP) assays were performed 48 h after electroporation using the LowCell ChIP kit (Diagenode) according to the manufacturer's instructions. Using purified DNA and designed primers (forward 5Ј-AGGTTCACAAATACCGTGA-3Ј and reverse 5Ј-TTC-GAGGGCGGAGAAGAGCA-3Ј), quantitative real time PCR using qSTAR SYBR Master Mix (Invitrogen) was performed according to the manufacturer's instructions, consisting of 50 cycles at 94°C for 15 s, 56°C for 15 s, and 72°C for 30 s. PCR products were detected by ethidium bromide.
RNA Preparation and Real Time PCR Analysis-Total RNA was isolated from the medial septum or primary septal neurons using TRIzol reagent (Invitrogen). The RNA was processed with the RNeasy mini kit (Qiagen) and then treated with DNase I. RNA was isolated as described previously (35) . The RNA was reverse-transcribed to cDNA. cDNA was synthesized with the SuperScript VILO cDNA synthesis kit (Invitrogen) according to the manufacturer's instructions. The synthesized cDNA was subjected to real time PCR. All primers were obtained from Applied Biosystems (TrkA, Rn00572130_m1; Lhx8, Mm00802919_m1; Lhx6, Mm01333349_m1; and actin, Rn00667869_m1). Signal values of each gene were normalized by the expression of actin. Real time PCR was performed at a final volume of 20 l using TaqMan Universal PCR Master Mix (Invitrogen) according to the manufacturer's instructions using the ABI PRISM 7900HT sequence detection system (Applied Biosystems). The PCR included 50 cycles with an annealing temperature of 60°C.
RESULTS

Lhx8 Overexpression Induces Increased ACh Release from Rat
Primary Medial Septal Neurons-Transcription factors that induce differentiation of certain cell types are often required for their specific functions. For instance, Nurr1 is known to play an essential role in a range of processes from generation to maintenance of dopaminergic neurons (36, 37) . Although Lhx8 has been reported to play an important role in cholinergic neuron development, whether Lhx8 regulates cholinergic neuronal functions after the developmental stage has remained unclear. To examine the effect of Lhx8 on cholinergic neuronal function, we overexpressed Lhx8 in rat E18.5 medial septal neurons in vitro, including a certain number of cholinergic neurons, via
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an adeno-associated virus vector 2 (AAV2-Lhx8), and 5 days later these neurons were evaluated (Fig. 1A, panels a-i) . The main function of cholinergic neurons is to release the neurotransmitter ACh (38) . Overexpression of Lhx8 elevated ACh release in a titer-dependent manner compared with GFP-overexpressing cells used as control ( Fig. 1B ), but no difference in the number of choline transporter-positive and TrkA-positive cholinergic neurons was observed between control cells and Lhx8-overexpressing cells (Fig. 1, C and D) . Note that virtually all neurons were transduced with the AAV vectors in these cultures even at the lower virus titer shown in Fig. 1B (Fig. 1A,  panels a-c) . Together, these data suggest that Lhx8 is involved in ACh release from post-differentiated cholinergic neurons.
Lhx8 Potentiates the Effect of NGF on ACh Release by Regulating TrkA Expression-To investigate further the role of Lhx8
in the regulation of cholinergic neuronal functions, we examined the expression of cholinergic functional markers related to ACh release in cultured rat E18.5 medial septal neurons. TrkA and ChAT expressions were up-regulated by overexpression of Lhx8 (Fig. 2, A-C) , whereas partial knockdown of Lhx8 by the miRNA expressed via an AAV vector resulted in a significant reduction in TrkA expression ( Fig. 2, E-G) . TrkA plays an important role in cholinergic neuron maturation and maintenance. The activation of TrkA via binding of its ligand NGF has been shown to induce an increase of ChAT expression and facilitates ACh release (26, 39 -43) . Because these results sug- gest the possibility that Lhx8 regulates NGF signals through modulating TrkA expression, we next examined Lhx8 function on ACh release induced by NGF in the primary culture of rat E18.5 medial septal neurons. These neurons infected with AAV-GFP or AAV-Lhx8 were exposed to NGF for 24 h. The effect of NGF on ACh release was potentiated by overexpression of Lhx8 (Fig. 2D ). In addition, TrkA down-regulation caused by Lhx8 knockdown led to a significant decline in NGFinduced ACh release (Fig. 2H) , whereas no significant reduction in base-line ACh release was observed in neurons in which Lhx8 was down-regulated in the absence of exogenous NGF. Therefore, these results indicate that Lhx8 modulates the efficacy of NGF on cholinergic neurons by regulating the expression level of TrkA.
Lhx8 Directly Regulates TrkA Expression-To determine whether the TrkA promoter responds to Lhx8, we performed a PLAP reporter assay of a 1073-bp upstream region of the mouse TrkA gene. This fragment contains a segment required for the appropriate spatial and temporal expression of TrkA in trigeminal, dorsal root, and sympathetic ganglia during development and is known to function as a TrkA enhancer in PC12 cells (44, 45) . Based on previous reports, we identified one putative Lhxbinding sequence (position) conserved across several mammals in the TrkA promoter (Fig. 3A ). This sequence (5Ј-ATTAATT-3Ј) was reported as an Lhx3 consensus binding site (46) .
The reporter vector and Lhx8 vector were co-transfected simultaneously into PC12 cells, and 24 h later those cells were treated with NGF. We measured the reporter activity 72 h after the addition of NGF. The level of reporter activity was significantly increased by Lhx8 overexpression, and NGF potentiated this increase in PC12 cells (Fig. 3B ). In addition, when the Lhxbinding sequence was mutated (5Ј-ATCGCGT-3Ј), Lhx8 did not enhance the reporter activity. Furthermore, potentiation of the efficacy of NGF was not observed in PC12 cells transfected with reporter vector containing the mutated Lhx-binding sequence (Fig. 3C) .
Next, to examine whether Lhx8 directly binds to the TrkA promoter, we performed ChIP followed by quantitative real time PCR analysis with chromatin obtained from PC12 cells overexpressing GFP or Lhx8. As shown in Fig. 3 , D and E, significant enrichment of the TrkA promoter region was observed in Lhx8-overexpressing cells compared with the GFP-overexpressing cells used as control. Moreover, we confirmed Lhx8induced TrkA promoter activity in neurons. Primary septal neurons at 3 DIV were co-infected with AAV-GFP or AAV-Lhx8 and AAV-TrkA reporter, and 4 days later these neurons were evaluated by reporter activity. As a result, Lhx8 overexpression increased TrkA promoter activity in cultured septal neurons (Fig. 3F) . Taken together, these results provide evidence that Lhx8 can activate the transcription of TrkA through direct binding to the Lhx-binding sequence present in the TrkA promoter.
Interestingly, the increase of TrkA reporter activity by Lhx8 was enhanced by NGF, suggesting that Lhx8 function is modulated downstream of NGF signaling. Therefore, we examined the effects of pharmacological inhibitors H89, U0126, and LY294002, which inactivate PKA, ERK, and PI3K as known to be downstream genes of NGF signaling, respectively, on reporter activity in PC12 cells. These inhibitors were added 1 h prior to NGF treatment. We found that the increase of Lhx8induced TrkA reporter activity was significantly suppressed by U0126 in the absence or presence of NGF (Fig. 3G ). However, U0126 did not change the relative increase of the reporter activity by the ectopic expression of Lhx8 both in the presence and absence of NGF, suggesting that Lhx8 function itself is not regulated by ERK. Because U0126 suppressed TrkA promoter activity in any experimental condition, albeit to a different extent, the enhancement of Lhx8 function on the TrkA promoter by NGF signaling may occur as a consequence of synergistic action of the ERK pathway and Lhx8 downstream in the NGF signaling pathway. Indeed, the increase of Lhx8-induced TrkA reporter activity by NGF was almost completely cancelled by U0126, although changes in the absolute activity of the reporter by U0126 and NGF in the absence of Lhx8 were not as much as in the presence of Lhx8.
Lhx8 Regulates TrkA Expression and Cholinergic Neuronal Function in Vivo-To evaluate the role of Lhx8 in mature cholinergic neurons in vivo, AAV-Lhx8 tagged with HA was injected into the adult rat medial septum. Four weeks after The predicted Lhx-binding sequence in the TrkA promoter is shown. Its core region (ATTAATT) is shown in bold and underlined. In the TrkA mutant promoter, the Lhx core sequence was changed from ATTATTT to ATCGCGT, as shown in red. B, C, and G, PC12 cells were transiently co-transfected with reporter constructs and GFP or Lhx8 expression vector. Twenty four hours after transfection, the cells were treated with 25 ng/ml NGF, 10 M U0126, 10 M LY294002, 2 M H89, or combinations as indicated. Placental alkaline phosphatase activity was assayed after 72 h of culture with or without NGF. Data are presented as the mean Ϯ S.E. n ϭ 5; **, p Ͻ 0.01; Student's t test. D and E, ChIP assay performed using PC12 cells transfected with GFP or Lhx8 tagged with human influenza hemagglutinin peptide (HA-Lhx8) expression vector. Soluble chromatin was immunoprecipitated with anti-HA antibody. Immunoprecipitates were subjected to PCR with a primer pair specific for the TrkA promoter (D). Quantitative PCR analysis was performed to measure the amount of DNA (E). Data are presented as the mean Ϯ S.E. n ϭ 3; **, p Ͻ 0.01; Student's t test in E. F, primary cultured septum neurons at 3 DIV were infected with AAV-GFP or AAV-Lhx8 with AAV-TrkA promoter placental alkaline phosphatase for 4 days, and placental alkaline phosphatase activity was assayed. Data are presented as the mean Ϯ S.E. n ϭ 5; **, p Ͻ 0.01; Student's t test. JANUARY 10, 2014 • VOLUME 289 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1005 injection, a significant increase of TrkA immunoreactivity, but not the number of cholinergic neurons recognized by TrkA or ChAT immunoreactivity in the medial septum, was observed in HA-Lhx8-infected animals compared with control animals expressing GFP (Fig. 4, A-C) . The increase of TrkA expression by overexpression of Lhx8 was confirmed by immunoblotting ( Fig. 4, D and E) . Also, the increase of ChAT expression was directly or indirectly induced by overexpression of Lhx8 (Fig. 4,  D and F) . Thus, Lhx8 can regulate TrkA expression in mature cholinergic neurons in vivo. Furthermore, either intracerebroventricular infusion of NGF for 2 weeks or overexpression of Lhx8 led to significant enhancement of hippocampal AChE activity that generally has been monitored as another index of cholinergic neuronal functions because cholinergic neurons project from the medial septum to the hippocampus (Fig. 5, A  and B) (47, 48) . Together, these results suggest that increased TrkA expression induced by Lhx8 may enhance the functions AAV-GFP or AAV-HA-Lhx8 was injected into the medial septum of 8-week-old rats. One month after AAV injection, the rats were sacrificed. Frozen sections of brain were prepared for immunohistochemical detection of TrkA (A and B) and ChAT (A and C), and tissue extracts of medial septum were used for immunoblotting (D-F). A, bright field microscopy revealed more intense brown 3,3Јdiaminobenzidine staining for TrkA and ChAT in the medial septum of rats injected with AAV-HA-Lhx8 than AAV-GFP-infected ones. Scale bar, 300 m. B and C, no significant difference in the number of TrkA-and ChAT-positive cholinergic neurons in a section with the same coordinate was observed. D, protein extracts from AAV-GFP-or AAV-Lhx8-injected medial septums were immunoblotted with an antibody directed against TrkA, ChAT, Lhx8, GFP, HA, or actin. E and F, level of TrkA and ChAT protein was normalized to that of actin and expressed as a percentage of the value of AAV-GFP-injected medial septum. Data are presented as the mean Ϯ S.E. n ϭ 5; **, p Ͻ 0.01; Student's t test in E. n ϭ 5; *, p Ͻ 0.05; Student's t test in F. 
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of mature cholinergic neurons in adult brain, as demonstrated by AChE activity.
Lhx8 Expression Is Regulated by NGF as a Positive Feedback System-To better understand the overall mechanisms of the enhancement of cholinergic neuron function by NGF signaling, we exposed adult rat brain to NGF continuously for 2 weeks via intracerebroventricular administration and assessed the expression of downstream genes Lhx8 and TrkA in the medial septum. Interestingly, Lhx8 as well as TrkA expression was upregulated in NGF-treated rats, whereas Lhx6 expression was FIGURE 6. Lhx8 expression is regulated by NGF. A-C, total RNA was extracted from the medial septum of rat brains infused with PBS or NGF for 2 weeks by osmotic minipumps. Expression of Lhx8, TrkA, and Lhx6 was analyzed by quantitative RT-PCR and normalized to actin. D and E, rat E18.5 primary septum neurons at 6 DIV were treated with NGF, brain-derived neurotrophic factor, or LY294002. Total RNA was prepared from these neurons at the indicated times (D) or 24 h later (E), and Lhx8 expression was analyzed by quantitative RT-PCR and normalized to actin. F-H, total RNA was extracted from the medial septum of rat brains 1 month after injection of AAV-LacZ miRNA or AAV-Lhx8 miRNA for 1 month. Expression of Lhx8, TrkA, and unchanged (Fig. 6, A-C) . Likewise, NGF increased Lhx8 expression also in primary medial septal neurons in a time-dependent manner, whereas brain-derived neurotrophic factor, which is a member of the neurotrophin family of growth factors (49) , did not (Fig. 6D ). We further examined whether PI3K is involved in the regulation of Lhx8 expression by NGF signal, because PI3K has been reported to regulate cholinergic gene expression induced by NGF (50) . The primary septum neurons were cultured for 7 days prior to 1 h of pretreatment with LY294002 followed by 24 h of exposure to NGF in the presence or absence of the inhibitor. As shown in Fig. 6E , up-regulation of Lhx8 expression by NGF was suppressed by LY294002, indicating that Lhx8 expression is regulated by the NGF-TrkA-PI3K pathway. Furthermore, knockdown of Lhx8 by the miRNA expressed via an AAV vector resulted in a significant reduction in TrkA expression in the adult brain, although Lhx6 expression was not changed (Fig. 6, F-H) . Taken together, these results suggest that Lhx8 modulates TrkA expression, and NGF signaling regulates TrkA expression by inducing Lhx8 expression in the adult brain, thereby generating a positive feedback loop (Fig. 6I ).
DISCUSSION
The focus of this study was to analyze the role of Lhx8 in the maturation and maintenance of cholinergic neurons using E18.5 primary septum neuron cultures and the medial septum of the adult brain. With this approach, we identified Lhx8 as a novel regulator of cholinergic neuron function.
Many reports to date have indicated that Lhx8 has prominent functions in regulating the development of cholinergic neurons generated in the medial ganglionic eminence (12) (13) (14) (15) (16) . In addition, Lhx8 is a pivotal factor for cholinergic differentiation of murine embryonic stem cells (51) . However, the precise role of Lhx8 in the maturation and maintenance of cholinergic neurons had not been elucidated. Here we demonstrated, for the first time, that Lhx8 induces an increase of ACh release and regulates TrkA expression in differentiated cholinergic neurons, suggesting that Lhx8 has an important role in cholinergic neuron maturation and maintenance. TrkA has been shown to regulate maturation and survival of cholinergic neurons, with binding of NGF to TrkA demonstrated to produce an increase of ACh release (25) . NGF is also known to have a potent survival-promoting effect on cholinergic neurons and to increase the expression of acetylcholine-related enzymes, including ChAT and vesicular acetylcholine transporter and functional release of ACh from these neurons (18 -22, 42) . Because elevation of TrkA level should increase their sensitivity to NGF, the increase of ChAT level by overexpression of Lhx8 could be mediated by NGF signaling. Moreover, Lhx8 knockdown in the primary septum cultures inhibited only NGF-dependent increase of ACh release (Fig. 2H) . Thus, the regulation of ACh release by Lhx8 should include indirect modulation of ChAT expression at the downstream of TrkA (Figs. 2, A and C, and 4, D and F) . Taken together, Lhx8 may be a key regulator of cholinergic neuron function, as in the case of Nurr1 for dopaminergic neurons (36, 37) .
To determine how Lhx8 influences TrkA expression, we performed a reporter assay using the TrkA enhancer region. Previ-ously, Lhx3 was reported to bind to an AT-rich consensus sequence that is present in the TrkA enhancer region (44 -46) . We found that Lhx8 directly bound to the AT-rich consensus sequence in the TrkA enhancer region and activated TrkA transcription in PC12 cells. Moreover, Lhx8 overexpression increased TrkA promoter activity in cultured septal neurons (Fig. 3F) . Therefore, this enhancer may also be required for maturation and maintenance of forebrain cholinergic neurons.
Our further experiments demonstrated that NGF potentiated the Lhx8-induced TrkA transcription, and ERK pathway was required for this potentiation in PC12 cells. Because the ERK pathway has been shown to modulate various transcription factors (52, 53) , some of these factors may possibly regulate TrkA expression cooperatively with Lhx8 downstream in the NGF signaling pathway. Future studies may include identification of such factors to investigate this mechanism in more detail.
We have shown that the Lhx8 expression level was elevated in response to NGF but not to another neurotrophin, brainderived neurotrophic factor, in vitro and in vivo. This increase was mediated via activation of the PI3K pathway. Because Lhx8 is able to activate the TrkA gene enhancer, Lhx8 may be required for NGF-induced TrkA expression downstream of NGF-TrkA signaling to amplify the effect of NGF. Taken together, these results suggest that NGF-TrkA signaling may regulate TrkA expression by increasing Lhx8 expression and modulating Lhx8 function, leading to promotion of the function and maintenance of forebrain cholinergic neurons. We propose a positive feedback regulatory loop formed by NGF, TrkA, and Lhx8 for that regulation (Fig. 6I) .
Accumulating evidence has implicated dysfunction of NGF signaling in the etiology of Alzheimer disease (AD). Individuals with early to late stage AD demonstrate reduced TrkA expression in the brain, and this reduction is correlated with their memory impairment (54, 55) . In addition, NGF replacement therapy has emerged as a potential treatment for AD (56 -58) . In a recent phase 1 clinical trial, implantation of NGF-producing fibroblasts into the basal forebrain of AD patients significantly slowed the rate of cognitive decline and increased cortical glucose uptake (59) . Increasing Lhx8 expression levels in the brains of AD patients may enhance NGF signaling and survival of cholinergic neurons, thus improving cognitive functions in patients. Therefore, identification of modulators of Lhx8 function and pharmacological approaches to control their action via modulation of the PI3K and ERK pathways should be significant steps toward the treatment of AD.
